Silicon-germanium alloy nanoparticles with spherical shape have been prepared by the thermal evaporation method. The shape and structure of these dots have been studied. Transmission electron microscopy images show that the SiGe nanoparticles grown at 100 Torr may be composed of two half-moon shaped sections. Furthermore from the transmission electron diffraction patterns and Raman spectra, a change of structure from amorphous to crystalline at the 0.4 Torr growth pressure was observed. It is also found that if the growth pressure increases, the Ge composition of SiGe dots will decrease. A model is proposed to explain this phenomenon.
I. INTRODUCTION
In recent years, nanoparticles have attracted much attention because of their physical and optical properties and potential applications in optoelectronic and quantum devices, 1-5 such as a single electron transistor. [6] [7] [8] There are many methods to prepare nanoparticles. The techniques include chemical precipitation, 9 thermal evaporation, [10] [11] [12] chemical vapor deposition, 13, 14 laser ablation, 15 sputtering, 16 -18 and molecular beam epitaxy, 19 etc. The thermal evaporation method was chosen to synthesize SiGe quantum dots 20 because of its simplicity. It can control the dot size by adjusting the gas pressure in the chamber and composition by altering the boat current without any other complicated processes.
II. EXPERIMENTS
The substrate was 7059 glass and was cleaned in the following steps: dipped in H 2 SO 4 :H 2 O 2 ͑3:1͒ for 30 min, rinsed in de-ionized water for 10 min, then blown dry with N 2 gas in order to wash away organic matters. The Si or Ge powders were placed in the respective tantalum ͑Ta͒ boats and the temperature was controlled by adjusting the electric current through the boat which provided different evaporation rates. The distance between the boats and the substrate was 13 cm. The air in the chamber was pumped out to about 10 Ϫ4 Torr and the chamber was purged with Ar gas three times to get rid of residual water vapor and oxygen. Then the chamber was filled with Ar to the desired pressure and the substrate was cooled down by the cold trap filled with liquid nitrogen. After the filament temperature was raised to the desired one, the shutter between the source and substrate was opened and the nanoparticles were deposited on the substrate. Here, the boat temperatures were set at 1500 and 1400°C for Si and Ge boats, respectively. Finally, the specimens were warmed to room temperature and taken out of the chamber.
III. RESULTS AND DISCUSSION
The transmission electron microscopy ͑TEM͒ images of SiGe nanoparticles grown at 0.2, 0.4, 1 and 100 Torr are shown in Fig. 1 . In Fig. 1͑a͒ , it can be seen that there is no dot-like structure existing, it looks like the coarse film. But in Figs. 1͑b͒-1͑d͒ , the SiGe particles appear and their size becomes larger, generally with larger growth pressure. The sizes of SiGe particles are 11.5Ϯ0.7, 18.9Ϯ3.1, and 56.8 Ϯ16.3 nm for the samples shown in Figs. 1͑b͒, 1͑c͒ , and 1͑d͒, respectively. Besides, the shape of particles is very clear and almost no coarse film exists between them while the growth pressure reaches 1 Torr. Something interesting is observed in Fig. 1͑d͒ . If particles are partly overlapped, the gibbous shape will be seen and it could often be seen in different TEM images. But in the central region of Fig. 1͑d͒ , a nanoparticle composed of two half-moon shaped sections is observed. One section looks darker and the other looks brighter. They must consist of two different materials or the same material with different orientations. If the growth pressure of SiGe nanoparticles is below 1 Torr, it disappears. The reason may be attributed to the large growth pressure. Before the Si and Ge particles collide with each other, they have collided with the same species for many times, so the particle sizes are already large when they collide with each other. When this happens, the particle with two half-moon shaped sections may be produced. In addition, two Si or Ge particles with different orientation may also be produced this way.
Figures 2͑a͒ and 2͑b͒ display the transmission electron diffraction ͑TED͒ patterns of SiGe nanoparticles grown at 0.2 and 0.4 Torr, respectively. In Fig. 2͑a͒ , no diffraction rings are observed, so only amorphous SiGe is produced. This is consistent with Fig. 1͑a͒ , that only a coarse film is formed, no crystalline nanoarticles could be seen. shows the ͑111͒ and ͑220͒ diffraction ring pattern indicating the formation of crystalline structure. A critical size seems to exist for the SiGe nanoparticle below which no crystalline particle can be produced. This is probably caused by the expansion of the lattice constant. If the particle size is too small, the diamond structure may become unstable because of the large fraction of surface dangling bonds. They may expand and collapse to form amorphous structure and land on the substrate to form coarse film. From the diffraction pattern, it is also clear that Si and Ge are mixed together completely, no pure Si or Ge particles are formed. By comparing the ͑220͒ ring in Fig. 2͑b͒ with the polycrystalline Si, the lattice constant of SiGe nanoparticles is calculated to be 5.54 Å. The value is just between the lattice constant of diamond structure Si ͑5.43 Å͒ and that of diamond structure Ge ͑5.66 Å͒. This proves that the particles are really SiGe alloy. The TED patterns of SiGe particles grown at 1 and 100 Torr are shown in Figs. 3͑a͒ and 3͑b͒ , respectively, the rings are clearer than those shown in Fig. 2 , and many bright spots are observed. This indicates that the particle structure becomes better and is spatially oriented. From the radius of the diffraction ring, the lattice constant of the SiGe nanoparticle can be extracted. According to Vegard's law, 21 the relationship between the lattice constant a and Ge content of Si 1Ϫx Ge x at 300 K is 
aϭ5.431ϩ0.227x.

͑1͒
The Ge composition of SiGe nanoparticles grown at 0.4 and 100 Torr are 0.47 and 0.31, respectively, and only the ͑220͒ ring is considered because it is clearer and larger, which can minimize the calculation error. It is clear that Ge composition becomes smaller when the growth pressure becomes larger, therefore, by controlling the growth pressure, the Ge composition of the SiGe nanoparticles can be adjusted. Shown in Fig. 4 are the Raman spectra of SiGe dots grown at different pressure from 0.2 to 1 Torr. The Raman spectra were measured using an Ar laser with 20 mW power. The nanoparticles are grown on 7059 glass where the peak is located at 480 cm Ϫ1 . The peak is broad and mixed with the peak of SiGe nanoparticles. However, when the nanoparticle layer becomes thicker, the effect of the glass substrate can be ignored. Three peaks are observed, which are located at about 500, 400, and 300 cm Ϫ1 , corresponding to the vibration of Si-Si, Si-Ge, and Ge-Ge phonons, respectively, so the alloy particles are really formed instead of a mixture of pure Si or Ge particles. It is clear that when the growth pressure is 0.2 Torr, SiGe crystalline particles are not produced. Only amorphous Si and Ge exist. This matches the TEM result in Fig. 1͑a͒ very well. While the growth pressure reaches 0.4 Torr, SiGe particles appear. It can be seen that Si and Ge are mixed completely, so the peak at 400 cm Ϫ1 appears. It is also found that three peak positions change when the growth pressure is changed. Because the variation of the Si-Si peak position is larger and easier to compare, the Ge composition is estimated from it. Alonso and Winer 22 have studied the relationship between the peak position and Ge content in the Si 1Ϫx Ge x bulk which could be written as yϭ520Ϫ70x ͑2͒
where y is the peak position of the Si-Si phonon and x is the fraction of Ge in the bulk. Based on this equation, the Ge fraction in the particles could be estimated. Figure 5 displays the relationship between the growth pressure and the Ge composition. It can be seen that if the growth pressure increases, the Ge composition decreases. But the values do not match the values obtained from TED results. This may be caused by the different spot size of the electron beam and laser. The reason why the composition changes may be attributed to the probability of collision. Two boats are located at a distance about 1 cm, so before two kinds of atoms collide with each other they have already formed grains of their own kind. Since the Si boat temperature is 1500°C and about 100°C higher than the temperature of the Si melting point, and the Ge boat temperature is 1400°C and about 400°C higher than the temperature of the Ge melting point, the Ge grain size should be larger. When the large Ge grain collides with the small Si grain, it is obvious that the Si grain will be sprung easily, so the Ge composition of the dot is larger. But when the growth pressure becomes larger, the Si grain size may grow quickly. Because the melting point of Si is higher than that of Ge, the Si nucleation is quicker and the Ar gas may speed up the nucleation. Therefore, the Si grain size will become larger than the Ge grain size and the Si composition will increase. In order to make sure this assumption is reasonable, the Raman spectrum of SiGe particles grown at 100 Torr is measured and shown in Fig. 6 . It is clear that the Si-Si peak at 513 cm Ϫ1 is very strong and the Ge peak at 296 cm Ϫ1 is barely seen, suggesting that the Ge composition is very small. The Si peak is at 513 cm Ϫ1 , not at 521 cm Ϫ1 , indicating the crystallinity of the SiGe nanoparticle is not perfect. The influence of Ge atoms although small cannot be ignored. It is concluded that the Ge composition of SiGe nanoparticles will decrease if the growth pressure gets larger.
IV. CONCLUSIONS
The crystalline SiGe nanoparticles will be produced when the growth pressure is higher than 0.4 Torr. When the growth pressure reaches 100 Torr, several SiGe nanoparticles exhibiting two half-moon shaped sections appear. If the growth pressure becomes larger, the Ge composition of SiGe nanoparticles will become smaller. The critical Ge composition of SiGe nanoparticles growth at 0.4 Torr is about 0.5.
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